Introduction
The effect of carbon monoxide (CO) in concentrations sufficient to produce acute poisoning is well known. During World War II, 'generator gas' containing 25-35 % CO was used as fuel for motor vehicles in Sweden and many cases of acute CO poisoning occurred. There were also cases in which chronic CO poisoning was suspected. In these cases vague neurasthenic symptoms were reported but could not be objectively confirmed. The lack of definite diagnostic criteria for chronic CO poisoning created conditions for an outbreak of 'CO psychoneurosis'.
In the post-war period much research has been devoted to the investigation of chronic CO poisoning. About 350 reports have been published in the past four years alone, but the problem remains unsolved.
My investigations were carried out between 1955 and 1958 at the National Institute of Public Health in Stockholm. The plan was to observe the reactions of healthy persons to CO in concentrations which do not generally cause subjective disturbance, i.e. which produce carboxyhiemoglobin (COHb) below 25%. The results were registered by means of flicker fusion tests and Evipan tolerance tests.
The Flicker Fusion Test A rhythmically flashing light produces at a certain rate of intermittence a visual sensation of flicker. If the frequency of flash is increased or the intensity of light is decreased, a sensation of continuous brightness is experienced. This is known as flicker fusion. The critical threshold of flicker fusion (CFF) can be measured in cycles per second (c/s) or as a logarithmic function of the intensity of light. The flicker-fusion frequency is directly proportional to the log intensity of light at CFF between 25 and 50 c/s. CFF depends upon both retinal and central limitations or interactions (Landis 1954 ). Recorded CFF is influenced by a number of factorsthe method of measurement and individual, physiological, pharmacological, toxicological, pathological and psychological factors. All must be taken into account and the technique of the test must be carefully standardized. If a single determinant is to be studied, such as the physiological effect of CO, it is desirable to eliminate simultaneous influence by irrelevant factors. Interaction of two factors may be exploited, however, in order to elicit a more sensitive response, as in the Evipan tolerance test.
The flicker-fusion apparatus was constructed according to principles described by Granit & Harper (1930) . In this apparatus parallel light beams are interrupted by a rotating disc with two open sectors, each of 90 degrees. The flash has an approximately square wave form with equal light and dark periods. When the frequency of flash is constant, the intensity of light is dependent upon one variable neutral wedge filter and four constant neutral filters. A filter which reduces the light intensity by half has a density of 0 30, corresponding to 5 filter units. In my experiments one filter unit was thus equivalent to a density or log intensity of 0'06. An interference filter produced a fairly monochromatic green light, which corresponded to the maximum light sensitivity of the cone-functioning portion of the retina.
The tests were made in a quiet room with subdued lighting, to which the subject was adapted. The flickering area was observed at a visual angle of 1 9 degrees for at most 10 seconds per measurement. The subject was first exposed to light sufficiently intense to cause a clear sensation of flicker. The light was then reduced until a sensation of continuous brightness was reported, after which it was increased until flicker reappeared. The filter density was somewhat higher at flicker-fusion level than at fusion-flicker level. Critical flicker fusion (CFF) constituted the mean of the fusion and the flicker value. Basal CFF was the mean value of three measurements of CFF made at intervals of at least five to ten minutes.
The Evipan Tolerance Test
This test was introduced by Berg in 1949 for study of patients with suspected cerebral damage. He found that in healthy subjects the CFF showed little or no change in response to injection of Evipan. A transitory fall in CFF after Evipan injection was considered to indicate latent weakness in the function of the central nervous system.
In my experiments the intravenously injected dose of Evipan corresponded to one-tentb of the narcotic dose, as calculated according to Specht's table (1933) , which takes into account age, weight, sex and general condition of the subject. The CFF was measured 2, 4 and 6 minutes after the injection.
Fall in CFF in response to Evipan was called 'depth'. The area of the fall during 6 minutes was calculated according to the formula A 10(A+B+C/2) where A, B and C represent CFF fall at 2, 4 and 6 minutes.
In order to test the method, basal CFF was measured in normal subjects under normal conditions. It showed symmetrical distribution with fairly wide variations between individuals. These variations were partly attributable to correlation between CFF and age. Variations of measurements within individuals during the course of a day were not statistically greater than the experimental error on a single test occasion. Day-to-day variation in individuals was about five times the size of the experimental error. I therefore concluded that it should be possible to study the effect of exogenous factors on CFF during the course of a single day, but not continuously over several days.
Evipan tolerance tests were likewise made on healthy persons under normal conditions. The distribution of area values was moderately but significantly skew, so that it was not possible to state a limit of normal variation. In order to permit some evaluation of isolated Evipan tests, however, a 'border zone' of area values was calculated. Values higher than 19 A were considered to show effect. Values in the zone 7 to 19 A could not be judged separately, but had to be assessed in relation to area values from Evipan tests on the same person at other times. In persons who underwent Evipan tests on two consecutive days or daily during five weeks the intra-individual standard deviation was not statistically different from the standard error. Thus, it seemed permissible to compare the results of Evipan tests made at different times in order to assess the influence of exogenous factors such as CO. The effect of CO was calculated as the difference between the area before and the area after exposure to CO (A difference).
Method ofExposure to Carbon Monoxide An ordinary Krogh spirometer of the type used in measuring basal metabolism was used. The closed rebreathing system, which had a volume of about 14 litres, was filled with air and 50-300 ml of pure CO were added. The total concentration of CO in the system ranged from 0 35 to 2-13 volumes %. The duration of exposure as a rule was 7 minutes.
The fall in°2 concentration in the spirometer during CO exposure was compensated by adding pure 02.
The exposure to CO was much shorter than the time usually required to produce the same COHb in occupations carrying a risk of chronic CO intoxication. For this reason I do not suggest that the effect of CO at a given COHb was directly comparable with the effect when the same COHb is produced by occupational exposure to CO.
COHb was measured accordingto twomethods:
(1) Directly, by analysis of blood (Wennesland 1940 , 1943 , Dalhamn 1952 . (2) Indirectly, by measurement of CO in alveolar air (Sjostrand 1944 (Sjostrand , 1948 (Sjostrand , 1956 . 
Effects ofSingle Exposures to Carbon Monoxide
The purpose of these experiments was to observe the response of healthy persons to CO in concentrations which do not as a rule give rise to subjective reactions (producing COHb < 25 %).
The experiments were done on 78 males and 22 females. Their age range was 19 to 39 years, with median age 21j years. Smokers and nonsmokers were fairly equally represented. The COHb prior to CO exposure was less than 5 % in all cases, and in 95 cases it was less than 3 %.
After exposure to CO the COHb ranged from 4 % to 26 %. For study of the results the series was divided into five groups, each comprising a COHb interval of 4 %: COHb thus was 4-8 % in the first group, 8-12% in the second group, and so on.
Pulse and blood pressure were measured before, during, and after the exposure to CO. No significant effect on the circulation was detected by these measurements.
Thirty-eight of the 100 tested persons reported symptoms on the day of exposure to CO. Dizziness, fatigue and headache some hours after inhalation of CO producing 16-26% COHb were considered to be-at least partly attributable to the inhaled CO. Less severe symptoms in persons with lower COHb were thought to be wholly or mainly due to autosuggestion.
Fall in CFF occurred in direct association with CO exposure in the groups with 16% or higher COHb. This fall was statistically significant in the group with COHb concentrations -of at least 20 % (Table 1 ). Evipan tolerance tests were made on all subjects before exposure to CO and on the day after the exposure. Some underwent additional tests until the fifth day. In all groups of COHb concentrations a statistically significant effect of CO on the response to Evipan tests was found ( Table 1 ). The individual reactivity varied. Evipan tests were influenced by CO in a minority of the persons with 8-16 % COHb, but in most of those with higher COHb (Fig 2) .
Exposure to CO on a single occasion thus could influence the response to Evipan tolerance tests in healthy young adults, even when the COHb was only 4-8%. This influence increased with rising concentration of the inhaled CO, and at COHb 16% or more it was strong in individuals and in groups.
The person who conducted the Evipan tolerance tests knew the administered doses of CO but not the resultant COHb. The correlation between COHb and response to Evipan tests was therefore investigated In groups of persons who had received the same dose of CO. The regression lines are shown in Fig. 3 . In 18 tests in which 250 ml of CO were added to the spirometer, the correlation between COHb and response to Evipan tests was highly significant. This seemed to prove that the observed results were due to the action of CO and not, as some critics have asserted, to suggestion.
However, in order to comply with a recommendation for 'double blind' controls, a small trial series was run in which 15 persons inhaled CO and 15 inhaled only room air. No significant difference in results was found between the two groups.
Effect ofRepeated Exposure to Carbon Monoxide Two questions were set for the experiments using repeated CO exposure: (1) How do healthy persons react to repeated daily exposure to low concentrations of CO, entailing COHb less than 12%? (2) Is CO sensitivity, as demonstrated by single exposure, influenced by such daily exposures ?
The experiments were made on 27 of the healthy adult males who took part in the experiments with single exposure to CO. Nine of them were exposed daily for eight weeks to CO producing 6-7 % COHb. Nine were exposed daily for four weeks to CO producing 10-11 % COHb. The other 9 were controls who inhaled only room air under otherwise identical conditions for four weeks and whose COHb did not exceed 3%. After these experiments the sensitivity to single CO exposure was tested two or three times, the final tests being made at the end of a year.
During the period of daily exposure, symptoms such as fatigue and dizziness were reported by persons in the group with 10-11 % COHb and by some of the concurrently tested controls. In most cases, however, these symptoms seemed to lack an organic basis.
Evipan tolerance tests during the exposure period were progressively influenced in the persons whose COHb was 10-11 % (Fig 4) . After the first week the differences between controls and those with 10-11 % COHb were highly significant. This change was not measurable for more than three days after the daily CO exposure ceased.
Sensitivity to CO before and after the period of daily CO exposure was estimated by single ex- week. Regression coefficients for A difference/ COHb% were calculated and the area difference at 16% COHb was computed for each subject by interpolation. The individual values varied considerably and the spread was seen to have decidedly increased one month after the period of daily CO exposure, possible reasons being that sensitivity to CO then had either intensified or diminished.
The heterogeneity of individual reactions in the initial tests and of individual changes in sensitivity to CO is worth note. One reason for differences in clinicians' opinions concerning CO poisoning probably is that, whereas some have been impressed by severe reactions to small doses of CO in persons with 'chronic CO poisoning', others attach more weight to the high CO resistance that can be found in certain occupational groups, such as workers in blast furnaces and metal foundries.
The results of these experiments could be summarized as follows:
(1) Daily inhalation of CO for four weeks, producing COHb of 10-11 %, gave rise to a cumulative effect which was manifest as latent impairment of the ability to distinguish between light flashes in rapid succession.
(2) Daily inhalation of CO producing 6-7% or 10-11 % COHb caused increase of sensitivity in some persons and reduction of sensitivity in others. The increased sensitivity subsided during the following months and had disappeared after a year. The modifications of sensitivity were more pronounced when the daily tests gave 6-7 % COHb for eight weeks than when the COHb was 10-11 % for four weeks.
Discussion
The purpose of my experiments was to shed light on the question of 'chronic CO poisoning': Does it exist and, if so, what are its causal mechanisms ? The experiments were made on healthy persons, who remained healthy after the tests.
An important factor in assessing the results is the reliability of the flicker fusion test. Regrettably, the experiments were not performed according to a 'double blind' technique. Although the person who conducted the tests did not know the COHb in the individual cases, she did know the administered dose of CO. In double-blind supplementary tests on smaller groups, no statistically significant difference in results was found between persons exposed to CO and controls who breathed only room air. Possible reasons for this discrepancy were that the mean age of these subjects was higher than in my original experiments and that the individual values varied more widely. The following arguments may be advanced in defence of the results in my main series of experiments:
(1) Statistically significant correlation between A difference and COHb concentrations was found in experiments with single CO exposures in which the subjects breathed the same concentration of CO.
(2) The methods of calculating area values and of quantitatively assessing response to Evipan tolerance tests were introduced only when the results were being finally arranged.
(3) Area values were computed from six primary readings of critical flicker fusion.
In my opinion, therefore, suggestion by the operator at the primary readings could not possibly have produced the statistically significant correlations. If this is accepted, the results must be ascribed to the test conditions, i.e. to influence of CO on critical flicker fusion.
Modification of the response to the Evipan tolerance test may be observed in varying degrees of central nervous disturbance. It should be evaluated in relation to other findings in the case.
My investigations on the action of CO in healthy persons suggested that single exposure can produce a persistent central nervous effect of varying degree, which may be registered by Evipan tolerance tests one day or more after the exposure. A cumulative effect may arise from daily exposure to CO in concentrations giving 10-11 % COHb. The clinically based assumption that protracted exposure to small amounts of CO may modify the sensitivity to CO was confirmed.
Was this action of CO solely due to binding of hmemoglobin with resultant hypoxemia and impaired oxygenation of the tissues, or was there also a specific toxic effect of CO? The question prompted some complementary studies.
Five persons with verified sensitivity to CO were exposed to oxygen-deficient air for three to four hours ( Fig 5) . The response to Evipan tolerance tests was markedly affected during the period of exposure, but a return to normal occurred within one to three hours after the exposure ceased. Thus, while CO produced a persistent effect, the effect of oxygen-deficient air was transient.
In another experiment 3 persons were exposed to CO until the COHb was 22-29 %. The effect of CO on Evipan tolerance tests was manifest twelve to sixteen hours after exposure, when COHb had fallen to less than 3 % (Fig 6) . Abolition of this effect was accelerated by inhalation of pure 02.
In 4 persons who inhaled pure 02 immediately after exposure to CO, the effect of CO on Evipan tests was reduced to a degree appropriate to the fall in COHb (Fig 7) . The first and second of these complementary experiments strongly suggest that the persistent effect of CO was not solely a result of hypoxwemia.
Possible other mechanisms include blocking of the active enzymes in tissue respiration and/or accumulation of intermediary products of metabolism.
As elimination of CO is accelerated by inhalation of 02, it is not surprising that the effect of CO was reduced by prompt inhalation of 02. On the other hand, it may seem remarkable that the duration of the persistent CO effect was diminished by 02 inhaled as late as sixteen hours after exposure to CO. Increased oxidation of accumulated intermediary products of metabolism is a possible explanation here. However, it is known that CO causes peripheral vascular reactions (Sjostrand 1942) , and consequently 02 inhalation at such a late stage might counteract a persistent effect of CO on the peripheral circulation. The theory that peripheral vascular reactions can play a part in persistent CO effect as manifest by altered response to Evipan tolerance tests receives support from the association in my experiments between persistent CO effect and age of the test subjects. The response to Evipan tests after single CO exposure was most strongly influenced in the younger subjects, whose blood vessels most readily contract and dilate. Presumably, therefore, the observed action of CO was partly dependent upon a specific effect in which some or all of the above-mentioned mechanisms may have played a part.
In conclusion, I should like to mention Lindgren's (1961) investigation of protracted occupational exposure to CO, with special reference to 'chronic CO poisoning'. He studied 970 workers who were exposed to CO in foundries, mines, gasworks and motor repair shops and 432 persons from the same work places who did not inhale CO. The degree of CO exposure was judged to be equal to or greater than that in persons reported in the literature as suffering from chronic CO poisoning. At least 90 % of the COHb values in Lindgren's study were less than 10%, however. The investigation comprised general medical examination, psychometric studies and a few special procedures such as otoneurological and ophthalmoneurological examination and electro-encephalography. Some medical histories revealed an excessive frequency of headache, which he considered to have been caused by repeated mild poisoning. Fatigue and dizziness were reported in the unexposed as well as in the CO-exposed group, with no significant difference in frequency. No excessive sickness rates or other clinical manifestations regarded as typical of 'chronic CO poisoning' were found in the COexposed group.
Lindgren's report was considered to contradict my experimental findings. In my view, however, absence of subjective and objective disturbances in the health of active workers exposed to fairly low concentrations of CO (COHb< 10%) does not constitute proof against persistent and cumulative effects of CO as demonstrated by alteration of response in flicker fusion tests. This paper summarizes a group of studies2 done during. the past three years on the physiological response of the lungs to sulphur dioxide (SO2). Although the reactions of the lungs to an irritant may be quite diverse, I shall be concerned with just one feature of this response, namely the changes in airway calibre reflected in measurements of pulmonary flow resistance (PFR). The subjects were volunteers who appeared to be free of underlying pulmonary disease. The range of SO2 in these experiments exceeds that which is generally encountered in urban air pollution, although industrial labourers may on occasion be exposed to higher levels. However, there appear to be susceptible persons who react to quite low concentrations of the gas (Sim & Pattle 1957). Moreover, it is possible that the low concentrations of SO2 that are found in polluted air, may, in association with other irritant gases and particles that are also present, be sufficient to impair the function of the lungs.
Studies on the

Dose-response Relations
In the first series of experiments, the subjects breathed SO2 by mouth (Frank et al. 1962) .
Three concentrations of gas were used: 1 ppm (range 1-2), 5 ppm (4-7) and 13 ppm (10-16). Exposures lasted 10-30 minutes and were spaced at least one month apart. The cesophageal catheter technique was used to measure pulmonary flow resistance (PFR), expressed in cm H20/l./sec. The subjects were seated in a volume-displacement body plethysmograph (Mead 1960) .
Results: Only one subject showed an increase in PFR in response to 1-2 ppm of S02. He was a 23-year-old student with no past respiratory illness except for an infrequent cold and had smoked up to one pack of cigarettes a day for six years. It is noteworthy that his control PFR was the highest encountered: 3 -42 cm H20/l./sec compared with a range of0'80-1-68 cm H2O/I./sec for the remaining 10 subjects. The group, in response to 5 ppm of S02 for 10 minutes, showed an average increase in PFR of 39 % above control levels (p<0'01). At 13 ppm there was a rise in this group of72 % above control (p <0-001). 
